Fluorescence in situ hybridization (FISH) is a name given to a variety of techniques commonly used for visualizing gene transcripts in eukaryotic cells and can be further modified to visualize other components in the cell such as infection with viruses and bacteria. Spatial localization and visualization of viruses and bacteria during the infection process is an essential step that complements expression profiling experiments such as microarrays and RNAseq in response to different stimuli. Understanding the spatiotemporal infections with these agents complements biological experiments aimed at understanding their interaction with cellular components. Several techniques for visualizing viruses and bacteria such as reporter gene systems or immunohistochemical methods are time-consuming, and some are limited to work with model organisms and involve complex methodologies. FISH that targets RNA or DNA species in the cell is a relatively easy and fast method for studying spatiotemporal localization of genes and for diagnostic purposes. This method can be robust and relatively easy to implement when the protocols employ short hybridizing, commercially-purchased probes, which are not expensive. This is particularly robust when sample preparation, fixation, hybridization, and microscopic visualization do not involve complex steps. Here we describe a protocol for localization of bacteria and viruses in insect and plant tissues. The method is based on simple preparation, fixation, and hybridization of insect whole mounts and dissected organs or hand-made plant sections, with 20 base pairs short DNA probes conjugated to fluorescent dyes on their 5' or 3' ends. This protocol has been successfully applied to a number of insect and plant tissues, and can be used to analyze expression of mRNAs or other RNA or DNA species in the cell.
Introduction
When studying the interactions between plant viruses and other pathogens with their infected plant hosts, it is important to visualize the pathogens and their respective nucleic acids in situ, regardless whether they cause negative effects on their hosts. This is most important when studying pathogen movement within and between plant cells. In situ localization of gene products of the pathogen is an essential step that complements other approaches for studying the pathogenicity process. Many plant pathogens, especially viruses, are transmitted by insects, having complex and intimate interactions with their vectors. Localization of these viruses in their vectors is important for studying the path for transmission, and the possible interaction sites inside the vector. The transmission of some insect-vectored plant viruses is aided by endosymbiotic bacteria that reside within these insects. To better study the transmission of these plant viruses by their vectors, it is also essential to visualize the endosymbiotic bacteria in general, and those involved in virus transmission, in particular. Colocalization of the virus and endosymbiotic bacteria is thus desired for investigating the possible relationships between these organisms within their insect host. Aside from virus transmission, endosymbiotic bacteria influence several aspects of the biology of insect vectors, thus spatial localization of these bacteria within insects is of high interest and importance.
Tomato yellow leaf curl virus (TYLCV) (Begomovirus, Geminiviridae) is the most important viral disease complex of cultivated tomato worldwide [1] [2] [3] [4] . TYLCV is a phloem-limited virus and is exclusively vectored by the whitefly Bemisia tabaci 5, 6 . A model describing the translocation of begomoviruses in their whitefly vectors has been proposed [6] [7] [8] [9] . Two specific barriers are actively crossed during this circulative transmission: the midgut/hemolymph and the hemolymph/salivary gland barriers. This transmission process is hypothesized to be mediated by unknown receptors which recognize the virus capsid. TYLCV is thought to cross B. tabaci midgut 6, 10 , and is absorbed through the primary salivary gland 6 before it is injected into the plant. In the whitefly hemolymph, TYLCV interacts with a GroEL protein produced by the insect secondary endosymbiotic bacterium Hamiltonella. This interaction ensures safe transport of TYLCV in the hemolymph, and protects it from attack by the insect immune system 12 .
Several reports have attempted to study the localization of TYLCV in plants and whiteflies by using time-consuming and costly protocols such as Transmission Electron Microscopy (TEM), antibodies and RNA in situ on microscopic thick section 10, 13 , a recent study described the localization of plant viruses inside their plant and vector hosts by using a simple protocol 14 .
Here we describe a simple protocol for the localization of TYLCV in B. tabaci dissected midguts and salivary glands, and in sections prepared from TYLCV-infected plants. We further describe the localization of Portiera, the primary endosymbiont of B. tabaci, and its secondary endosymbionts Hamitonella, Rickettsia and Arsenophonus. This protocol is based on using short DNA probes, that are fluorescently labeled on their 5' end, and specifically hybridize to complementary sequences in viral or bacterial gene sequences. The sample processing is relatively easy and the signal obtained is highly specific. The described protocol can be used to localize viruses, bacteria and other pathogens in their plant, animal and insect hosts, and can further be used to localize mRNA in any given tissue.
Representative Results
The system studied in this manuscript is shown in Figure 1 and includes an infected plant with TYLCV, an adult and a nymph of the whitefly B. tabaci, and the internal anatomy of the whitefly showing the path for TYLCV translocation in the insect. Figure 2 shows double FISH in an adult whitefly for the primary symbiont Portiera and the secondary symbiont Arsenophonus. 
Discussion
The protocol described here for the localization of a plant virus in its plant host and insect vector, and endosymbiotic bacteria in their specific whitefly host, can be adapted for the localization of other viruses in plants and even in animal tissues. Furthermore, the protocol can be used to localize endosymbiotic and pathogenic bacteria and other microorganisms in plant and animal systems. The described methods rely on simple concept of hybridization between a short, fluorescently-labeled oligonucleotide DNA probe and the target DNA or RNA molecule in the cell. The outcome is a specific hybridization, with minimum background, and a signal detected using fluorescence or confocal microscopes. Several probes with different fluorescent dyes, that target more than one gene, can be used simultaneously. This enables visualizing more than one target in a single cell or tissue. The procedures described in these protocols are simple and the sample processing time is minimal. Problems associated with other protocols such as high background signal, long processing time for specimens and the use of numerous and costly materials for the analysis, are not constraints in the protocol described here.
The B and Q biotypes of B. tabaci whiteflies were used to describe the protocols in this manuscript; however, rearing conditions apply to any whitefly biotype, with their respective host plant. The whitefly completes its life cycle in three weeks under the indicated conditions. Each individual of the B biotype population used was infected with the primary endosymbiont Portiera, and the secondary endosymbiotic bacteria Hamiltonella and Rickettsia. The Q biotype individuals were infected with Portiera and Arsenophonus. Other whitefly populations around the world were shown to be infected with these or other endosymbiotic bacterial species, and with different spatial localization patterns in the body [16] [17] [18] [19] [20] . TYLCV infected plants show typical disease symptoms three weeks following the inoculation. For TYLCV localization, symptomatic plants can be used for virus acquisition by whiteflies for 24 hr and the virus can be detected in infected plants and insects using the FISH protocol described Successful implementation of the described protocols for the localization of bacteria and viruses in plants and insects depends on good fixation of the samples for better visualization and probe penetration, good probe design for specificity and clearing with H 2 O 2 in the case of whole insects for better signal visualization. In the case of FISH in plants, hand-made sections must be as thin as possible for good probe penetration and better visualization of the signal. This can be improved by putting the leaf between two Styrofoam pieces to help with cutting and by using professional razor blades which can be purchased for this purpose from several vendors.
The protocol is not suitable for subcellular localization of targets, however it has the potential to be developed, using the probe format describe here, into a suitable method for subcellular localization. For example, the short probes described here can be conjugated to molecules such as biotin and not fluorescent molecules, which in turn can be targeted using gold particles conjugated to streptavidin that can be visualized under TEM. This later modification can be suitable for subcellular localization of several targets including gene transcripts and microorganisms. Finally, the described protocols are suitable for hybridization with nucleic acids such as DNA and RNA but not proteins.
For obtaining the best results in the FISH protocols described here, it is best to use fresh insect and plant material, as well as fresh fixative and hybridization buffers. The probes should always be kept in -20 ºC in small aliquots to avoid repeated freezing and thawing. The processing time of each described step can be calibrated depending on the organisms studied. As mentioned in the protocol, following fixation and decolorization, whitefly and plant samples can be preserved for long time in absolute ethanol at room temperature. This step is particularly useful when sending samples for processing from one location to another, or when performing long time course experiments. The quality of the hybridization signal was not affected following this long time preservation.
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